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Introduction {#sec001}
============

Tributyltin (TBT) is an organotin compound used primarily in anti-fouling paint applied on ships, boats and fishing nets \[[@pone.0123091.ref001]\]. As an endocrine disrupting chemical that causes severe reproductive effects in aquatic organisms, the use of TBT has been banned in most countries \[[@pone.0123091.ref002]\]. Based on the available data, the levels of TBT in aquatic environments of China range from below 0.5 ng/L (the detection limit) to hundreds of ng/L, as Tin \[[@pone.0123091.ref003]\]. Many literatures on the effects of TBT in biota has focused on reproductive toxicity. It has been demonstrated that TBT can induce imposex in female mollusks \[[@pone.0123091.ref004]\]. In fishes, it has been reported that TBT can affect sexual behaviour and reproduction \[[@pone.0123091.ref005]\], change the estrogen/androgen levels and inhibit gonad development \[[@pone.0123091.ref006]\]. Moreover, TBT-induced neurotoxicity, developmental toxicity and endocrine dysfunction have been reported in previous studies \[[@pone.0123091.ref007],[@pone.0123091.ref008],[@pone.0123091.ref009],[@pone.0123091.ref010],[@pone.0123091.ref011]\]. However, only a few studies have addressed the neurotoxicity of TBT especially in fish.

Oxidative stress is defined as an imbalance of oxidants and antioxidants in favor of the oxidants, potentially leading to cell damage \[[@pone.0123091.ref012]\]. Neurons are relatively sensitive to reactive oxygen species (ROS) and neurodegenerative disorders have been linked to damage caused by ROS \[[@pone.0123091.ref013],[@pone.0123091.ref014]\]. As an organ in which homeostasis must be strictly maintained, brain tissue contains large amounts of polyunsaturated fatty acids, which are particularly vulnerable to free radical attacks \[[@pone.0123091.ref015]\]. Acetyl cholinesterase (AChE) and monoamine oxidase (MAO) play an important role in the central nervous system (CNS), including neurotransmitter release, synaptic plasticity, and the regulation of neuronal electrical activity \[[@pone.0123091.ref016]\]. Nitric oxide (NO) synthesized by nitric oxide synthase (NOS) has emerged as a key endogenous modulator of brain function \[[@pone.0123091.ref017]\]. Additional, Na^+^-K^+^-ATPase is a ubiquitous membrane-bound enzyme which concentrates in the membranes of nerve endings \[[@pone.0123091.ref018]\], and controls the ionic environment essential for neuronal activity in the central nervous system \[[@pone.0123091.ref019]\].

The mechanism of TBT-induced impairment of nervous system function, particularly in fish, remains unclear. In this study, juvenile common carp (*Cyprinus carpio*), as a widely used model in aquatic toxicology and an important economic fish, was exposed to TBT to determine its chronic effects on biochemical and physiological responses in fish brain. The objectives of the present study were to gain insight into the mechanisms underlying TBT-induced neural toxicity by assessing oxidative stress indices, Na^+^-K^+^-ATPase activity, and neurological parameters.

Materials and methods {#sec002}
=====================

Chemicals {#sec003}
---------

TBT, 90%, was purchased from Sinopharm Chemical Reagent Co., Ltd (Beijing, China). Suitable amounts of this compound were directly weighed into a brown bottle and dissolved in 50 ml acetone (ACT)-water (1:1) to form a concentration level stability. This stock solution was sealed and stored at 4°C until used. Working standard solution (100 μg/ml) was freshly prepared by diluting the stock solution with deionized water before use.

Fish {#sec004}
----

Juvenile common carp (9.65 ± 0.13 cm, 22 ± 1.8 g, 4 months after hatching) were obtained from a local hatchery (Jingzhou, China) and were raised in a flow-through system with dechlorinated tap water (pH 7.4 ± 0.2; hardness 42.5 ± 1.3 CaCO~3~/L) at a constant temperature (20 ± 1°C) with a photoperiod of 12:12 h (light:dark). Fish were acclimatized for 14 days before the beginning of the experiment and were fed commercial fish food (Tongwei, China). Waste and residue were removed daily and the test equipment and chambers (100 L) were cleaned once a week. The fish were fasted for 24 h prior to experimentation to avoid prandial effects during the assay. All procedures and animal handling were in accordance with the guidelines approved by the Chinese Association For Laboratory Animal Sciences. The study was approved by the animal ethics committee of the Institute of Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences.

Exposure to TBT {#sec005}
---------------

A 100 L semi-static system was used, in which 20 juvenile common carp were randomly distributed to each of ten aquaria. The nominal concentrations of TBT used were 75 ng/L (E1 group, according to environmental concentration), 0.75 μg/L (E2 group, 1% 96 h-LC50), and 7.5 μg/L (E3 group, 10% 96 h-LC50). Based on the unpublished data of our studies, the 96 h-LC50 of TBT for common carp is 75 μg/L. TBT was dissolved in ACT with a final concentration less than 0.01%. Two other groups were used for comparisons: a control group exposed to clean freshwater and an ACT group exposed to the volume of ACT (v/v, 0.01%) used for the highest TBT concentration. Each experimental condition was duplicated. The fish were fed daily with commercial fish pellets at 1% total body weight at a fixed time and the extra food was removed. Eighty percent of the exposed solution was renewed each day after 2 h of feeding to maintain the appropriate concentration of TBT and ACT and to maintain water quality. The test equipment was cleaned every 7 days. The test fish were exposed to TBT for 15, 30 and 60 days. At the end of each exposure period, three randomly selected fish from each aquarium were sedated. The whole brain tissue was quickly removed on the ice, immediately frozen, and stored at -80°C until analysis.

To ensure agreement between nominal and actual compound concentrations in the aquaria, water samples were analyzed during the experimental period by LC-MS/MS. Water samples were collected from the test aquaria after 1 h and 24 h of renewing the test solutions. The mean concentration of TBT in the water samples was always within 20% of the intended concentration.

Biochemical parameters measurement {#sec006}
----------------------------------

Frozen samples for analysis of enzyme activities were defrosted and homogenized on ice with 10 volumes of cold Tris buffered saline (10 mM Tris--HCl, 0.1 mM EDTA-2Na, 10 mM sucrose, 0.8% NaCl, pH 7.4). The homogenate was centrifuged at 3000 rpm at 4°C for 10 min, and the supernatant was used to evaluate the enzyme activity of total superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6),glutathione reductase (GR; EC 1.6.4.2), glutathione peroxidase (GPx; EC 1.11.1.9), Na-K-ATPase (EC 3.6.3.9), acetylcholinesterase (AChE; EC 3.1.1.7), monoamine oxidase (MAO: EC 1.4.3.4) and the content of malondialdehyde (MDA) and nitric oxide (NO). All of the biochemical parameters were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Protein concentrations in the supernatants were determined using Bradford\'s procedure with bovine serum albumin as the standard (Bradford, 1976).

SOD (EC 1.15.1.1) activity was measured at 550 nm by the ferricytochrome C method using xanthine/xanthine oxidase as the source of superoxide radicals, and the activity was expressed as U/mg protein \[[@pone.0123091.ref020]\]. CAT (EC 1.11.1.6) activity was determined at 405 nm using a spectrophotometric assay of hydrogen peroxide, based on the formation of its stable complex with ammonium molybdate, and the activity was expressed as U/mg protein \[[@pone.0123091.ref021]\]. Glutathione reductase (EC 1.6.4.2) activity was determined spectrophotometrically, measuring NADPH oxidation at 340 nm \[[@pone.0123091.ref022]\]. GPx (EC 1.11.1.9) activity was measured using H~2~O~2~ as a substrate and was determined spectrophotometrically at 340 nm and 37°C, the activity was expressed in mU/mg protein \[[@pone.0123091.ref023]\]. MDA content, a biomarker for lipid peroxidation, was evaluated based on the 2-thiobarbituric acid (2,6-dihydroxypyrimidine-2-thiol; TBA) reactivity, and the results was expressed as nmol/mg protein \[[@pone.0123091.ref024]\]. Na^+^-K^+^-ATPase (EC 3.6.3.9) activity, expressed as μmol Pi liberated/mg protein/h in the brain, was measured by liberating PO~4~ from a hydrolysis reaction with ATPase, as previously described \[[@pone.0123091.ref025]\]. AChE (EC 3.1.1.7) activity in brain homogenates was determined with an AChE kit according to the method of Ellman et al. \[[@pone.0123091.ref026]\]. The activity of 1 U of AChE was defined as the number of hydrolyzed micromoles of acetylthiocholine iodide per min per microgram of protein. AChE activity in the brain homogenates was expressed as units per milligram of hippocampus protein (U/mg protein). The activity of MAO was determined using a detection kit, which assessed the production of benzyl aldehyde from the reaction of MAO and its specific substrate, aniline hydrochloride \[[@pone.0123091.ref027]\]. One unit (U) of MAO activity was defined as the amount that increased the absorbance by 0.01 at 37°C. Therefore, MAO activity was expressed as U/mg protein. NO content in brain homogenates was expressed as micromoles per milligram of hippocampus protein (μmol/mg protein) based on the method described by Stuehr et al. \[[@pone.0123091.ref028]\].

Integrated biomarker response (IBR) {#sec007}
-----------------------------------

Biomarkers were combined into one general "stress index" termed IBR \[[@pone.0123091.ref029]\]. The result is directly dependent on the number of biomarkers (*n*) in the set and thus, IBR values were presented divided by *n* as suggested by Broeg and Lehtonen \[[@pone.0123091.ref030]\]. The results of the data standardization procedure needed for IBR calculation were presented in site star plots.

Data statistical assays {#sec008}
-----------------------

All values were expressed as the mean ± SD and analyzed by SPSS for Win 13.0 software. Analyses of variance (one-way and two-way ANOVA), followed by a Tukey HSD test when significant differences were found, was performed to determine the effect of TBT concentration and exposure time on each parameters. In addition, principal component analysis (PCA) was used to define the most important parameters, which could be used as key factors for individual variations using Statistic 6.0.

Results {#sec009}
=======

Oxidative stress and antioxidant responses {#sec010}
------------------------------------------

To verify the presence of oxidative imbalance induced by TBT, the level of MDA (as indicated by tissue ROS level) was measured in all groups ([Table 1](#pone.0123091.t001){ref-type="table"}). Although an increase of oxidative stress indices was observed, there was no notable induction (*p*\>0.05) in any group after 15 days of TBT exposure. Compared with the control group, a significant increase (*p*\<0.05) in MDA level was observed in the E2 and E3 groups after 30 days of exposure.

10.1371/journal.pone.0123091.t001

###### Effect of TBT on antioxidant parameters in the brain of common carp (*Cyprinus carpio*).

![](pone.0123091.t001){#pone.0123091.t001g}

  Indices   Exposure time   Test groups                                                                                          
  --------- --------------- --------------- --------------- --------------- ---------------------------------------------------- -----------------------------------------------------
  MDA       15 days         16.28 ± 1.32    14.75 ± 0.82    16.65 ± 1.62    16.98 ± 2.07                                         18.89 ± 2.26
            30 days         15.19 ± 1.94    16.05 ± 1.29    18.28 ± 1.95    24.54 ± 3.26[\*](#t001fn002){ref-type="table-fn"}    29.21 ± 1.89[\*](#t001fn002){ref-type="table-fn"}
            60 days         17.57 ± 2.69    18.39 ± 1.33    21.35 ± 2.83    35.16 ± 2.09[\*](#t001fn002){ref-type="table-fn"}    38.07 ± 4.18[\*\*](#t001fn003){ref-type="table-fn"}
  SOD       15 days         31.27 ± 2.58    30.01 ± 4.06    34.54 ± 4.15    36.26 ± 4.17                                         35.17 ± 4.75
            30 days         32.15 ± 3.15    36.24 ± 4.23    38.58 ± 3.29    36.41 ± 5.02                                         24.17 ± 3.56[\*](#t001fn002){ref-type="table-fn"}
            60 days         31.69 ± 2.99    33.18 ± 4.41    26.82 ± 2.16    15.44 ± 1.04[\*](#t001fn002){ref-type="table-fn"}    10.30 ± 1.82[\*\*](#t001fn003){ref-type="table-fn"}
  CAT       15 days         25.15 ± 3.59    26.04 ± 1.81    26.28 ± 3.01    27.42 ± 2.25                                         29.47 ± 3.97[\*](#t001fn002){ref-type="table-fn"}
            30 days         24.27 ± 3.14    25.29 ± 2.72    27.77 ± 3.82    20.42 ± 1.94                                         15.85 ± 1.49[\*](#t001fn002){ref-type="table-fn"}
            60 days         25.70 ± 2.85    24.16 ± 1.57    26.25 ± 2.67    17.19 ± 1.37[\*](#t001fn002){ref-type="table-fn"}    11.44 ± 1.85[\*\*](#t001fn003){ref-type="table-fn"}
  GR        15 days         22.15 ± 2.12    21.82 ± 1.58    22.35 ± 2.14    20.24 ± 1.69                                         19.91 ± 1.12
            30 days         23.89 ± 1.93    20.46 ± 1.72    19.61 ± 1.57    20.45 ± 1.92                                         17.72 ± 1.24[\*](#t001fn002){ref-type="table-fn"}
            60 days         22.27 ± 2.08    21.53 ± 1.34    19.29 ± 2.05    16.28 ± 1.17[\*](#t001fn002){ref-type="table-fn"}    14.19 ± 1.05[\*](#t001fn002){ref-type="table-fn"}
  GPx       15 days         65.28 ± 11.02   63.14 ± 12.28   72.49 ± 14.59   82.31 ± 14.41[\*](#t001fn002){ref-type="table-fn"}   69.42 ± 11.22
            30 days         62.12 ± 9.34    66.25 ± 10.22   69.27 ± 11.67   61.19 ± 13.28                                        35.22 ± 9.85[\*\*](#t001fn003){ref-type="table-fn"}
            60 days         64.27 ± 10.19   61.19 ± 14.06   50.26 ± 10.38   41.37 ± 7.72[\*](#t001fn002){ref-type="table-fn"}    24.06 ± 6.28[\*\*](#t001fn003){ref-type="table-fn"}

Notes: MDA, malondialdehyde, nmol/mg protein; SOD, superoxide dismutase, U/mg protein; CAT, catalase, U/mg protein; GR, glutathione reductase, mU/mg protein; GPx, glutathione peroxidase, mU/mg protein. ACT- acetone, E1-75 ng/L, E2-0.75 μg/L, E3-7.5 μg/L. Data are means ± S.D., *n* = 6. Significant differences compared with control values are presented by:

\* *p*\<0.05

\*\* *p*\<0.01

[Table 1](#pone.0123091.t001){ref-type="table"} shows the effects of long-term exposure to TBT on antioxidant parameters in fish brain. After 15 days, SOD activities increased slightly in all groups, but significantly decreased (*p*\<0.05) in groups with higher TBT concentration after 30 days (E3 group after 30 days; E2 and E3 groups after 60 days). For CAT activity, there was an increasing trend in all groups after 15 days of exposure, and it was greater increased (*p*\<0.05) in the E3 group. However, CAT activities in E2 or/and E3 group were inhibited significantly (*p*\<0.05) after 30 days (E3 group after 30 days; E2 and E3 groups after 60 days). After the first 15 days of exposure, GR activities of all groups decreased slightly but not significantly (*p*\>0.05). After 30 days, GR activity was significantly inhibited (*p*\<0.05) in the E3 group. At the end of experiment, there was an obviously decreasing trend in GR activities in all groups, which reached significance (*p*\<0.05) in the E2 and E3 groups. There were greater increases (*p*\<0.05) in GPx activity in the E2 group after 15 days. Glutathione peroxidase activities were obviously inhibited (*p*\<0.05) in the E2 and/or E3 group after 30 days (E3 group after 30 days; E2 and E3 groups after 60 days).

Neurological parameters {#sec011}
-----------------------

[Table 2](#pone.0123091.t002){ref-type="table"} shows the effects of long-term exposure to TBT on neurological parameters in the brain of common carp. Compared with the control, significantly lower (*p*\<0.05) AChE activity was observed in the E3 group after 15 days of exposure, in the E2 group after 30 days and in the E1 group after 60 days. After 30 days of exposure, there was an obviously decrease (*p*\<0.05) in MAO activity in the E3 group compared with the controls. However, after 60 days of treatment, MAO activity in E2 and E3 groups were significantly inhibited (*p*\<0.05) compared with the control. As for NO, there was a decreasing trend in TBT treated groups after 15 days. With prolonged exposure (30 days), the NO level was significantly inhibited (*p*\<0.05) in the E2 and E3 groups.

10.1371/journal.pone.0123091.t002

###### Effects of TBT on neurological parameters in the brain of common carp (*Cyprinus carpio*).

![](pone.0123091.t002){#pone.0123091.t002g}

  Indices   Exposure time   Test groups                                                                                                                           
  --------- --------------- -------------- -------------- -------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------
  AChE      15 days         5.22 ± 1.52    5.62 ± 0.92    5.51 ± 1.62                                        4.92 ± 1.07                                          3.51 ± 1.26[\*](#t002fn002){ref-type="table-fn"}
            30 days         5.30 ± 1.25    5.14 ±0.89     4.78 ± 1.15                                        4.44 ± 1.24[\*](#t002fn002){ref-type="table-fn"}     2.55 ± 0.81[\*](#t002fn002){ref-type="table-fn"}
            60 days         5.19 ± 0.91    5.27 ± 1.03    3.37 ± 0.89[\*](#t002fn002){ref-type="table-fn"}   1.62 ± 0.69[\*\*](#t002fn003){ref-type="table-fn"}   1.27 ± 1.15[\*\*](#t002fn003){ref-type="table-fn"}
  MAO       15 days         11.16 ± 1.58   10.21 ± 1.16   10.54 ± 1.15                                       9.76 ± 0.97                                          9.07 ± 1.25
            30 days         12.27 ± 1.05   10.13 ± 1.57   8.52 ± 0.93                                        8.47 ± 1.02                                          6.16 ± 0.59[\*](#t002fn002){ref-type="table-fn"}
            60 days         11.58 ± 1.33   9.47 ± 1.43    8.47 ± 1.36                                        6.54 ± 0.84[\*](#t002fn002){ref-type="table-fn"}     5.34 ± 0.82[\*\*](#t002fn003){ref-type="table-fn"}
  NO        15 days         1.27 ± 0.25    1.20 ± 0.19    1.28 ± 0.18                                        1.05 ± 0.22                                          0.98 ± 0.17
            30 days         1.19 ± 0.14    1.06 ± 0.16    1.05 ± 0.12                                        0.82 ± 0.14[\*](#t002fn002){ref-type="table-fn"}     0.76 ± 0.09[\*](#t002fn002){ref-type="table-fn"}
            60 days         1.14 ± 0.20    1.13 ± 0.17    0.89 ± 0.19                                        0.68 ± 0.10[\*](#t002fn002){ref-type="table-fn"}     0.44 ± 0.05[\*\*](#t002fn003){ref-type="table-fn"}

Notes: AChE, acetylcholinesterase, U/mg protein; MAO, monoamine oxidase, U/mg protein; NO, nitric oxide, mmol/mg protein. ACT- acetone, E1-75 ng/L, E2-0.75 μg/L, E3-7.5 μg/L. Data are means ± S.D., *n* = 6. Significant differences compared with control values are presented by:

\* *p*\<0.05

\*\* *p*\<0.01

Na^+^-K^+^-ATPase {#sec012}
-----------------

Na^+^-K^+^-ATPase activities in the brains of fish exposed to TBT for 15, 30 and 60 days re shown in [Fig 1](#pone.0123091.g001){ref-type="fig"}. Na^+^-K^+^-ATPase activity was diminished in both a time- and concentration-dependent manner. Significant depletion (*p*\<0.05) in Na^+^-K^+^-ATPase activities occurred in the E3 group after 30 days, and in the E2 group after 60 days.

![Effect of TBT exposure on Na^+^-K^+^-ATPase enzyme activity in the brain of common carp (*Cyprinus carpio*).\
Data are presented as the mean ± S.D., *n* = 6 for each data point. ACT- acetone, E1-75 ng/L, E2-0.75 μg/L, E3-7.5 μg/L. Significant differences compared with control values are indicated by \* *p*\<0.05, \*\* *p*\<0.01.](pone.0123091.g001){#pone.0123091.g001}

Statistical analysis {#sec013}
--------------------

Based on the bilinear decomposition of the original data, the PCA method was used to transform the multivariate data into a new data set, in which the new variables are orthonormal and explain maximum. In the present study, a data matrix was constructed with 9 analyzed biomarkers as independent variables and 90 sampled individuals as group variables. TBT concentration, exposure time and all of the parameters measured in the present study were distinguished on the ordination plots corresponding to the first (77.15%) and second (11.98%) principle components ([Fig 2](#pone.0123091.g002){ref-type="fig"}), which showed the correlations of all the biomarkers. Furthermore, the observed correlations between the TBT concentrations, exposure time and the parameters were confirmed and quantified by Spearman's test ([Table 3](#pone.0123091.t003){ref-type="table"}). Moreover, Two-way ANOVA, using all parameters measured as the dependent variables, and TBT concentrations and exposure time as fixed factors, revealed the notable variation in each parameter with different experimental conditions ([Table 4](#pone.0123091.t004){ref-type="table"}).

![Ordination diagram of PCA of TBT concentrations, exposure time and all parameters measured in the fish brains after chronic exposure to TBT.](pone.0123091.g002){#pone.0123091.g002}

10.1371/journal.pone.0123091.t003

###### Correlation coefficients among the biochemical parameters measured in the brain of common carp (*Cyprinus carpio*) after long-term exposure to TBT.

![](pone.0123091.t003){#pone.0123091.t003g}

                      Time    TBT     MDA     SOD    CAT    GR     GPx    AChE   MAO    NO
  ------------------- ------- ------- ------- ------ ------ ------ ------ ------ ------ ------
  MDA                 0.54    0.68                                                      
  SOD                 -0.61   -0.25   -0.76                                             
  CAT                 -0.46   -0.46   -0.90   0.68                                      
  GR                  -0.45   -0.75   -0.90   0.68   0.73                               
  GPx                 -0.60   -0.42   -0.87   0.76   0.90   0.76                        
  AChE                -0.49   -0.74   -0.94   0.73   0.76   0.93   0.84                 
  MAO                 -0.39   -0.83   -0.90   0.55   0.74   0.95   0.77   0.89          
  NO                  -0.51   -0.76   -0.94   0.66   0.80   0.94   0.81   0.94   0.91   
  Na^+^-K^+^-ATPase   -0.59   -0.68   -0.97   0.74   0.87   0.89   0.89   0.92   0.90   0.91

Notes: TBT, tributyltin; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GR, glutathione reductase; GPx, glutathione peroxidase; AChE, acetylcholinesterase; MAO, monoamine oxidase; NO, nitric oxide.

10.1371/journal.pone.0123091.t004

###### Two-way ANOVA of variance for the effects of TBT concentrations (TBT) and exposure time (Time) on parameters measured in the brain of common carp (*Cyprinus carpio*) after long-term exposure to TBT.

![](pone.0123091.t004){#pone.0123091.t004g}

  Indices             Experimental conditions                 
  ------------------- ------------------------- ------------- -------------
  MDA                 **\<0.001**               **\<0.001**   **\<0.001**
  SOD                 **\<0.001**               **0.012**     **\<0.001**
  CAT                 **0.007**                 **0.002**     **\<0.001**
  GR                  **0.005**                 **\<0.001**   **\<0.001**
  GPx                 **\<0.001**               **0.003**     **\<0.001**
  AChE                **0.004**                 **\<0.001**   **\<0.001**
  MAO                 **0.013**                 **\<0.001**   **\<0.001**
  NO                  **\<0.001**               **\<0.001**   **\<0.001**
  Na^+^-K^+^-ATPase   **\<0.001**               **\<0.001**   **\<0.001**

Notes: Data were expressed by significant value.

Based on the results ([Table 4](#pone.0123091.t004){ref-type="table"}), all the measured parameters were affected by the TBT concentration, exposure time and the interaction between the two factors. But it is obvious that some parameters were more sensitive to the exposure time, including MDA, SOD, GPx, NO and Na^+^-K^+^-ATPase, however the parameters MDA, GR, AChE, MAO, NO and Na^+^-K^+^-ATPase were more sensitive to the TBT concentrations.

IBR index showed E3-60 days as the most affected group. IBR values ranged from 0.21 in the Control-15 days up to 3.59 in E3-60 days ([Fig 3](#pone.0123091.g003){ref-type="fig"}). According to this index, the rank of the most affected group was: E3-60 days \> E2-60 days \> E1-60 days \> E3-30 days \> E2-30 days \> E1-30 days \> E3-15 days \> E2-15 days \> ACT-60 days \> ACT-30 days \> E1-15 days \> Control-60 days \> Control-30 days \> ACT-15 days \> Control-15 days.

![Integrated biomarker response (IBR) of all parameters measured in the fish brain after chronic exposure to TBT.\
ACT- acetone, E1-75 ng/L, E2-0.75 μg/L, E3-7.5 μg/L.](pone.0123091.g003){#pone.0123091.g003}

Discussion {#sec014}
==========

Oxidative stress and antioxidant responses {#sec015}
------------------------------------------

Oxidative stress, the final manifestation of a multi-step pathway, results in an imbalance between pro-oxidant and antioxidant defense mechanisms due to the depletion of antioxidants, or the excessive accumulation of ROS, or both, which leads to damage \[[@pone.0123091.ref031]\]. It has been demonstrated that exposure to contaminants including TBT could produce ROS which cause various organ lesions \[[@pone.0123091.ref032],[@pone.0123091.ref033],[@pone.0123091.ref034]\].

MDA, as lipid peroxidation indicator, was used to evaluate the oxidative stress for aquatic animals \[[@pone.0123091.ref035]\]. In the present study, the significantly increasing MDA level indicated the generation of the serious oxidative stress in fish exposed to TBT.

Due to the inhibitory effects on oxyradical formation, the SOD-CAT system provides the first line of defense against oxygen toxicity \[[@pone.0123091.ref036]\]. In the present study, the activity of SOD and CAT of in the TBT treated groups increased slightly after 15 days of exposure compared to that of the control group, especially in the increase in CAT activity at the highest concentration of TBT ([Table 1](#pone.0123091.t001){ref-type="table"}). Increases in the activity of these enzymes are most likely a response to toxicant stress, and serve to neutralize the impact of increased ROS generation \[[@pone.0123091.ref037]\]. However, we also found that SOD and CAT activities in fish brains were strongly inhibited with prolonged duration of exposure, which could be due to the flux of superoxide radicals, resulting in an increase in cellular H~2~O~2~ \[[@pone.0123091.ref038]\]. GR plays an important role in cellular antioxidant protection and adjustment processes of metabolic pathways, and GPx catalyzes the reduction of H~2~O~2~ and lipid peroxides \[[@pone.0123091.ref039]\]. Together they constitute an important line of defense against oxidative stress-induced by xenobiotics. In this study, GR and GPx were inhibited at higher TBT concentrations, suggesting that the TBT-induced accumulation of ROS has interfered with the antioxidant enzymes in the brains of exposed fish. Some reports indicated that an increase in the cellular level of oxygen free radicals following TBT-mitochondria interactions may be the cause of the TBT-induced functional damage in fish model \[[@pone.0123091.ref040],[@pone.0123091.ref041]\]. So together with previous results \[[@pone.0123091.ref042],[@pone.0123091.ref043],[@pone.0123091.ref044],[@pone.0123091.ref045]\], our study indicated that the possible reason of TBT-induced oxidative stress maybe TBT inhibit oxidative phosphorilation and alter mitochondrial structure and function.

Generally, oxidative stress refers to imbalance cellular status between the ROS level and the cellular antioxidant defense system. Approximately 0.1% of all oxygen entering the mitochondrial electron transport chain is released as ROS, which can disrupt intracellular redox status and result in homeostasis disorder \[[@pone.0123091.ref046]\]. In this work, a significant correlation was observed between the antioxidant parameters to TBT exposure, which suggested that oxidative stress was induced by TBT. Combining previous results \[[@pone.0123091.ref034]\] with the findings of this study, suggested that oxidative damage is one of the critical toxic mechanisms of TBT. Because the special physiological characteristics with more mitochondrial structure in fish brain, the possible mechanisms of TBT-induced oxidative stress maybe a higher oxygen consumption rate to increase metabolic rate to detoxify TBT toxicity eventually led to higher ROS production, which need more further studies.

Neurological parameters {#sec016}
-----------------------

AChE plays a crucial role in synaptic transmission at cholinergic synapses by controlling the action of acetylcholine \[[@pone.0123091.ref047]\]. MAO also plays a vital role in the metabolism of neurotransmitters such as dopamine, norepinephrine, epinephrine, and serotonin \[[@pone.0123091.ref048]\]. Dysfunctions of AChE and MAO have been implicated in a variety of neuropsychiatric disorders \[[@pone.0123091.ref016]\]. Similar to the findings of other studies, we deduced that the inhibition of AChE and MAO activities under TBT stress may occur due to the altered affinity for free-SH groups and consequential inhibition of their function \[[@pone.0123091.ref049]\].

NO plays an important role in cell signaling, neurotransmission, cell-protection and regulatory effects in various cells at a physiological concentrations \[[@pone.0123091.ref050]\], some tests had been carried out in Atlantic salmon \[[@pone.0123091.ref017]\]. Therefore, alterations in NO production may be a causal factor in the development of neurotoxicity \[[@pone.0123091.ref051]\]. On the other hand, high concentrations of NO are toxic and interact with the superoxide anion to produce the highly toxic peroxynitrite anion \[[@pone.0123091.ref052]\]. In the present study, we found that TBT decreased NO production in the brains of exposed fish ([Table 2](#pone.0123091.t002){ref-type="table"}). Moreover, as previously described, we observed that TBT markedly increased ROS levels in fish brains. The over-production of ROS can decrease NO levels in the brain because NO reacts rapidly with O~2~•^−^ to produce the peroxynitrite anion (ONOO-), which protonates at relevant pH to form peroxynitrous acid (ONOOH) \[[@pone.0123091.ref016]\]. Both ONOO- and ONOOH can cause nitrosative stress, which may lead to nitrosylation reactions that can alter the structure of proteins and so inhibit their normal function \[[@pone.0123091.ref050]\].

Previous findings support the view that ROS contribute to the induction of neurodegenerative disorders \[[@pone.0123091.ref053]\]. Zhang et al reported that the TBT exposure could injured the neurological function in fish brain \[[@pone.0123091.ref034]\], associated with oxidative stress. Based on [Table 3](#pone.0123091.t003){ref-type="table"}, the obvious negative correlation between neurological parameters and oxidative stress (MDA content) in fish brain after TBT exposure could provide another evident.

Na^+^-K^+^-ATPase {#sec017}
-----------------

Ion-dependent ATPases comprise a group of enzymes that play an important role in intracellular functions and are considered to be a sensitive indicator of toxicity \[[@pone.0123091.ref025],[@pone.0123091.ref054]\]. These enzymes, especially Na^+^-K^+^-ATPase, are essential for the generation and maintenance of Na^+^ and K^+^ gradients between the intracellular and extracellular milieus, a prerequisite for basic cellular homeostasis and for functioning of specialized tissues, such as the nervous system \[[@pone.0123091.ref034]\]. The inhibition of this enzyme activity produces membrane depolarization, leading to the suppression of neuronal and excitatory transmission \[[@pone.0123091.ref019]\]. It is reported that organotins such as tributyltinoxide, trimethyltin, triethyltin and dibenzyltin suppress Na^+^/K^+^-ATPase activity in the brain \[[@pone.0123091.ref055],[@pone.0123091.ref056]\]. Published studies showed that organotins affected the Na^+^/K^+^-ATPase activity and osmoregulation in European flounder, *Platichthys flesus* \[[@pone.0123091.ref057]\], through adjusting the Na^+^/K^+^ flux. In our study, there is a very obvious negative correlation between Na^+^/K^+^-ATPase activity and MDA, neurological parameters. The possible reasons may be related to the special physiological characteristics in fish brain. Brain tissue, as the center of the nervous system in all vertebrate, contains large amounts of polyunsaturated fatty acids, which are particularly vulnerable to free radical attacks \[[@pone.0123091.ref015]\]. Zhang et al \[[@pone.0123091.ref034]\] also reported that TBT exposure caused the brain damage in False kelpfish, *Sebastiscus marmoratus*, associated with increasing of ROS stress and decreasing of Na^+^/K^+^-ATPase activity. Similar to these findings, in the present study we observed that the TBT-induced inhibition of Na^+^-K^+^-ATPase in the fish brain after long-term exposure most likely disturbs the Na-K pump, which could then be responsible for the TBT neurotoxicity. \[[@pone.0123091.ref058]\].

### IBR analysis {#sec018}

In order to compare the overall stress of different treatments on fish liver, the IBR index was applied. Recently, this index has been used to provide a general description of "health status" of organisms by combining biomarker signals, from which the rank of chemical stress could be ordered \[[@pone.0123091.ref059],[@pone.0123091.ref060],[@pone.0123091.ref061]\]. In our study, some large IBR values were possessed by high-dose TBT groups for the same exposure time, implying the more serious stress with increasing TBT concentration. This tendency may be explained by more ROS production and causing more severe injuries to antioxidant system. Similar results were also found in Oncorhynchus mykiss \[[@pone.0123091.ref061]\] and Carassius auratus \[[@pone.0123091.ref062]\] exposed to verapamil and hexabromobenzene at various ranges of concentrations, respectively. IBR results suggest that E3-60days was the most affected group, which is consistent with the analysis for all measured parameters.

In summary, the present study demonstrated changes in oxidative stress indices, antioxidant defense system, neurological parameters and Na^+^/K^+^-ATPase activity in the brain of common carp after long-term exposure to TBT. Based on our results, there is an "adaptive stage" (15 days), in which all physiological indices remained at control values due to protective responses. With prolonged exposure, TBT-induced stress led to functional damage in the brains of the fish, by accumulation of oxidative substances, inhibition of antioxidant defences and inhibition of the neurological system and Na^+^-K^+^-ATPase activity. According to the results of this study, the measured parameters could be used as potential biomarkers and could provide useful information for evaluating the toxicological effects of TBT on fish brains, but additional detailed laboratory studies are required to elucidate the molecular mechanisms of TBT neuro-toxicity in other organisms.
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